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THE THERMAL PRESSURE DISTRIBUTION IN THE ATOMIC ISM
Adriana Gazol,1 Enrique V azquez-Semadeni,1 and Jongsoo Kim2
RESUMEN
Presentamos resultados de un estudio num erico sistem atico del efecto de las uctuaciones de velocidad turbu-
lenta en la distribuci on de presi on t ermica en ujos t ermicamente biestables. Las uctuaciones se caracterizan
por su n umero Mach `rms' M relativo al medio tibio y el n umero de onda de la inyecci on de energ a, kfor. Nues-
tros resultados son consistentes con un esquema en que al aumentar alguno de estos param etros, el cociente
local entre los tiempos de cruce turbulento al de enfriamento decrece, produciendo estructuras transitorias con
un comportamiento efectivo intermedio entre el equilibrio t ermico y el regimen adiab atico. Como resultado,
el exponente efectivo politr opico e de las simulaciones queda comprendido entre  0:2 y  1:1, y la presi on
media del gas difuso generalmente se reduce por debajo de la presi on de equilibrio t ermico Peq, mientras que
la del gas denso aumenta respecto a Peq. La fracci on de zonas de alta densidad (n > 7:1 cm 3) con P > 104 K
cm 3 aumenta desde cerca de 0.1% a kfor = 2 y M = 0:5 hasta cerca de 70% para kfor = 16 y M = 1:25. Una
comparaci on preliminar con las mediciones de presi on recientes de Jenkins (2004) en CI favorece nuestro caso
con M = 0:5 y kfor = 2.
ABSTRACT
We present results from a systematic numerical study of the eect of turbulent velocity uctuations on the
thermal pressure distribution in thermally bistable ows. The turbulent uctuations are characterized by
their rms Mach number M (with respect to the warm medium) and the energy injection wavenumber, kfor.
Our results are consistent with the picture that as either of these parameters is increased, the local ratio of
turbulent crossing time to cooling time decreases, causing transient structures in which the eective behavior
is intermediate between the thermal-equilibrium and adiabatic regimes. As a result, the eective polytropic
exponent e of the simulations ranges between  0:2 to  1:1, and the mean pressure of the diuse gas is
generally reduced below the thermal equilibrium pressure Peq, while that of the dense gas is increased with
respect to Peq. The fraction of high-density zones (n > 7:1 cm 3) with P > 104 K cm 3 increases from roughly
0.1% at kfor = 2 and M = 0:5 to roughly 70% for kfor = 16 and M = 1:25. A preliminary comparison with the
recent pressure measurements of Jenkins (2004) in CI favors our case with M = 0:5 and kfor = 2.
Key Words: HYDRODYNAMICS | ISM: STRUCTURE | TURBULENCE
1. MOTIVATION
The atomic interstellar medium (ISM) is gener-
ally believed to be thermally bistable. This property
arises because the neutral gas is thermally unstable
for 300 K  < T  < 5000 K under the isobaric mode
of thermal instability (TI; Field 1965; see also the
review by Meerson 1996). The pure development
of this instability produces segregation of the gas
into two stable phases that can coexist in pressure
equilibrium. Also, the ISM is known to be globally
turbulent (e.g. Scalo 1987, Franco & Carrami~ nana,
1999), with velocity dispersions that are transonic
with respect to the warm gas (T  8000 K), and su-
personic with respect to the cold medium (T  100
K)(e.g., Heiles & Troland 2003).
1Centro de Radioastronom a y Astrof sica, UNAM,
M exico.
2Korea Astronomy and Space Science Institut, Korea.
The eect of turbulent velocity uctuations in
the development of the isobaric mode of TI has been
discussed by S anchez-Salcedo & al. (2002), V azquez-
Semadeni et al. (2003), Wolre et al. (2003), and Au-
dit & Hennebelle (2005) among others. The rst two
of these works noted that velocity uctuations induce
perturbations on the gas that can range from behav-
ing adiabatically, when the turbulent crossing time
t across the perturbation size scale is much shorter
than the cooling time c, to behaving according to
the thermal equilibrium condition between cooling
and heating, in the opposite limit. The turbulent
crossing time, in turn, depends on the scale and am-
plitude of the velocity uctuations, and therefore the
higher the Mach number, or the smaller the typi-
cal scale of the turbulence, the higher the fraction
of uid parcels that are expected to transiently be-
have closer to an adiabatic regime, and farther away
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24 GAZOL, V AZQUEZ-SEMADENI, & KIM
from thermal equilibrium. As adiabatic perturba-
tions are linearly stable under the mean conditions
of the atomic ISM, S anchez-Salcedo et al. (2002)
and V azquez-Semadeni et al. (2003) used this to ex-
plain the presence of signicant amounts of gas with
temperatures corresponding to the unstable range.
The presence of this gas has been reported in obser-
vational (Dickey, Salpeter & Terzian 1977; Kalberla,
Schwarz & Goss 1985; Spitzer & Fitzpatrick 1995;
Fitzpatrick & Spitzer 1997; Heiles 2001; Heiles &
Troland 2003; Kanekar et al. 2003) as well as nu-
merical work (Gazol et al. 2001; Kritsuk & Nor-
man 2002). Audit & Hennebelle (2005) have fur-
ther quantied the amount of thermally unstable
gas, giving a relation between it and the amplitude
of the shearing components of the turbulence. Fi-
nally, Wolre et al. (2003) have given an estimate of
the ratio of the turbulent crossing time to the cool-
ing time in the warm neutral medium, nding values
0.3{0.9, which led them to suggest that this medium
should often exhibit non-equilibrium temperatures.
These results have implications for the thermal
pressure PDF in the ow. As a uid parcel departs
from thermal equilibrium, its pressure also departs
from the equilibrium value, and we expect a distribu-
tion of the thermal pressure around its thermal equi-
librium value at a given density, determined by the
distribution of Mach numbers of the velocity uctu-
ations. This holds even in the absence of direct local
heating.
The thermal pressure distribution varies signif-
icantly among dierent models of the ISM. In the
simplest equilibrium multiphase model (Field et al.
1969), the thermal pressure was quasi-uniform and
had value determined by thermal equilibrium. The
next level of complexity was added by including su-
pernova heating (Cox & Smith 1974; McKee & Os-
triker 1977). In particular, the model of McKee &
Ostriker (1977) implied a piecewise power-law pres-
sure probability density function (PDF) (Jenkins,
Jura & Lowenstein 1983; see also Mac Low et al.
2005), and predicted no pressures below the equilib-
rium pressure of the warm and cold phases. This
model did not consider the local thermodynamic
changes in the gas due to the turbulent compres-
sions and rarefactions (advection) that are induced
by the energy injection from supernova.
Inclusion of advection is naturally accomplished
in numerical models of the star-driven ISM (see
V azquez-Semadeni 2002 for a review). In particular,
the recent papers by Mac Low et al. (2005) and de
Avillez & Breitschwerdt (2004) have discussed the
pressure PDF resulting in their simulations, albeit
they appear to obtain dierent functional forms for
it: a lognormal and a distribution closer to a power
law, respectively. However, in those simulations it is
not possible to disentangle the pressure uctuations
induced purely by turbulent motions, and those due
to direct heating from nearby stellar sources.
Observationally, signicant pressure uctuations
have been reported in the cold medium. Jenkins et
al. (1983) and Jenkins & Tripp (2001) found, us-
ing observations of CI, variations greater than an
order of magnitude in the cold gas pressure with
small amounts of gas at up to P=k = 105 K cm 3.
The latter work additionally found an eective poly-
tropic index for the cold gas  > 0:9, which is larger
than the  = 0:72 derived by Wolre et al. (1995)
for cold gas at thermal equilibrium, mentioning that
this could be due to the fact that compressed regions
may have a cooling time larger than the dynamical
time, so it may behave closer to adiabatically.
In this paper we present results from a numerical
systematic study of the eect of turbulent velocity
uctuations, characterized by their rms Mach num-
ber M and the energy injection wavenumber, kfor,
on the thermal pressure distribution in a thermally
bistable ow. In particular we focus on the eects on
the value of the eective polytropic index e, and on
the relation between the value of e and the thermal
pressure PDF. We also discuss some implications of
our results for previous models and simulations. Full
details can be found in Gazol, V azquez-Semadeni &
Kim (2005).
2. RESULTS
We present results from two-dimensional 5122 hy-
drodynamic simulations, including the energy equa-
tion, of a region of 100 pc on a side, with periodic
boundary conditions. For the cooling we use a func-
tion with a piece-wise power-law dependence on the
temperature, resulting from a t to the \standard"
equilibrium P vs.  curve of Wolre et al. (1995), un-
der the assumption of a constant background heat-
ing in thermal equilibrium (S anchez-Salcedo et al.
2002). The turbulent driving is 100% solenoidal, and
is done in Fourier space at a specied wavenumber
band around kfor. Its random amplitude is xed by
a constant injection rate of kinetic energy, which is
chosen as to approximately maintain a desired sonic
Mach number. This kind of forcing allows to accu-
rately control M and kfor and to isolate the eects
of velocity uctuations on the pressure distribution.
Our range of parameters is 0:5  M  1:25 and
2  kfor  16, implying forcing scales 50pc  lfor 
6:25pc. In the set of simulations we discuss here,T
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THERMAL PRESSURE 25
Fig. 1. Least squares slope of the pressure vs. density
distributions. The solid line shows the variation with the
driving wavenumber kfor, indicated by the lower horizon-
tal axis, at xed rms Mach numbers M = 1. The dotted
and dashed lines show the variation with M, indicated
by the upper horizontal axis, at a given kfor, indicated
by the label next to each line.
the uid is initially at rest and in thermal equilib-
rium with a uniform density and temperature ly-
ing in the thermally unstable range (n0 = 1 cm 3,
T0 = 2399 K), so that, in the absence of turbu-
lence, the medium would spontaneously segregate
into warm-diuse (n = 0:34 cm 3, T = 7104 K)
and cold-dense (n = 37:2 cm 3, T = 64:5 K) stable
phases. For our choice of parameters, the cooling and
sound crossing times in the unstable gas are equal at
a scale eq  4 pc. For the warm medium in ther-
mal equilibrium, this scale increases to  23 pc. The
scale eq also applies for equality of the turbulent
crossing time and the cooling time for Mach-1 mo-
tions. Below this scale, classical isobaric perturba-
tions would evolve nearly isobarically, because con-
densation occurs on roughly the cooling time, which
is longer than the time needed to restore pressure
balance (the sound crossing time). However, veloc-
ity perturbations below this scale generate perturba-
tions that approach adiabatic behavior as their Mach
number increases, because in this case the externally-
applied turbulent compression exerts PdV work on
the uid parcel, heating it on timescales shorter than
the cooling time.
In gure 1 we show a summary of the eective
equation of state of the various simulations, charac-
terized by the eective polytropic index e. This is
the slope of the distribution of points in the pressure-
density diagram (not shown), as a function of M and
kfor for each run. The value of e for each run is
indicated by a point (+). As either M or kfor is in-
Fig. 2. Fraction of grid cells with P > 10
4 K cm
 3 and
for the n > 7:1 cm
 3. The line coding is as in the gure
1 panel.
Fig. 3. Total pressure histograms for simulations with
kfor = 2 at M  0:5 (solid line), M  1:0 (dotted line),
and M  1:25 (dashed line).
creased, a progressive increase of e is observed. This
behavior implies a decrease in the mean pressure of
the diuse gas, and an increase in the mean pressure
of the dense gas. In particular, the fraction of zones
with densities n > 7:1 cm 3 and with P > 104 K
cm 3 (g. 2) increases from roughly 0.1% at kfor = 2
(a driving scale of 50 pc) and M = 0:5 to roughly
70% for kfor = 16 (a driving scale of 6.25 pc) and
M = 1:25. In particular, for M = 0:5 and kfor = 2,
this fraction is  0:1%, similar to the value reported
by Jenkins (2004) from a survey of the ne-structure
excitation of CI on the Galactic plane.
Our simulations also indicate that the value of
e plays an important role in the determination of
the pressure histogram shape. This is illustrated in
gures 3 and 4, where it can be seen that the total
pressure histogram widens as the Mach number is in-
creased, and moreover develops near-power-law tailsT
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26 GAZOL, V AZQUEZ-SEMADENI, & KIM
Fig. 4. Total pressure histograms for simulations with
kfor = 16 at M  0:5 (solid line), M  1:0 (dotted line),
and M  1:25 (dashed line).
at high (resp. low) pressures when e  < 0:5 (resp.
e  > 1), which occurs at kfor = 2 (resp. kfor = 16)
in our simulations. The opposite side of the pres-
sure histogram decays rapidly, in an approximately
lognormal form. These results show that turbulent
advection alone can generate large thermal pressure
scatters, with power-law high-P tails for large-scale
driving, and provide validation for approaches at-
tempting to derive the shape of the pressure his-
togram through a change of variable from the known
form of the density histogram, such as that per-
formed by Mac Low et al. (2005).
The results we have shown can be understood
simply as a consequence of the turbulent crossing
time becoming shorter in local compressions as ei-
ther the Mach number M or the driving wavenumber
kfor are increased, creating a larger fraction of com-
pressions that evolve closer to adiabatically, and thus
temporarily drift away from thermal equilibrium.
This work has received partial nancial sup-
port from CONACYT grant 36571-E to E. V azquez-
Semadeni and from DGAPA grant PAPIIT-
IN114802 to A. Gazol. The work of J. Kim was
supported by the Astrophysical Research Center for
the Structure and Evolution of the Cosmos (ARC-
SEC) of Korea Science and Engineering Founda-
tion (KOSEF) through the Science Research Cen-
ter (SRC) program. The numerical simulations were
performed on the linux clusters at CRyA (funded by
A. Gazol and E. V azquez-Semadeni: Centro de Radioastronom a y Astrof sica, UNAM, A. P. 3-72, c.p. 58089,
Morelia, Michoac an, M exico (a.gazol, e.vazquez@astrosmo.unam.mx).
J. Kim: Korea Astronomy and Space Science Institute, 61-1, Hwaam-Dong, Yusong-Ku Taejon 305-348, Korea
(jskim@kasi.re.kr).
CONACYT grant 36571-E) and at KAO (funded by
KAO and ARCSEC).
REFERENCES
Audit, E. & Hennebelle, P. 2005, A&A, 433,1
Cox, D. P., & Smith, B. W. 1974, ApJ, 189, L105
de Avillez, M. A., & Breitschwerdt, D. 2004, A&A, 425,
899 (astro-ph/0407034)
Dickey, J. M., Salpeter, E. E.& Terzian, Y. 1977, ApJ,
211, L77
Field, G. B. 1965, ApJ, 142, 531
Field, G. B., Goldsmith, D. W., & Habing, H. J. 1969,
ApJ, 155, L149
Fitzpatrick, E. L. & Spitzer, L. 1997, ApJ, 475, 623
Franco, J., & Carrami~ nana, A. 1999, Interstellar Turbu-
lence (Cambridge: Cambridge University Press)
Gazol, A., V azquez-Semadeni, E., & Kim, J. 2005 ApJ,
630, 911
Gazol, A., V azquez-Semadeni, E., S anchez-Salcedo, F.
J.& Scalo, J. M. 2001 ApJ, 557, 121
Heiles, C. 2001, ApJ, 551, L105
Heiles, C. & Troland, T. 2003, ApJ, 586, 1067
Jenkins, E. B. 2004, ApSS 289, 215 in From Observations
to Self-Consistent Modelling of the ISM in Galax-
ies, ed. M. de Avillez & D. Breitschwerdt (Dordrecht:
Kluwer)
Jenkins, E. B., Jura, M. & Lowenstein, M. 1983, ApJ,
270, 88
Jenkins, E. B. & Tripp, T. M. 2001, ApJ, 137, 297
Kalberla, P.M.W., Schwarz, U.J., Goss, W. M. 1985,
A&A, 144, 27
Kanekar, N., Subrahmanyan, R., Chengalur, J. N., &
Safouris, V. 2003, MNRAS, 346, L57
Kritsuk, A., & Norman, M.L. 2002, ApJ, 569, L127
Mac Low, M. M., Balsara, D., & Kim, J., Avillez, M. A.
2005, ApJin press (astro-ph/0410734)
McKee, C.F. & OstrikerJ.P. 1977, ApJ, 218, 148
Meerson, B. 1996, Rev. Mod. Phys., 68, 215
S anchez-Salcedo, F. J., V azquez-Semadeni, E., & Gazol,
A. 2002, ApJ, 577, 768
Spitzer, L. & Fitzpatrick E. L. 1995, ApJ, 445, 196
Scalo, J. M. 1987, in Interstellar Processes, ed. D. J. Hol-
lenbach & H. A. Thronson, Jr. Dordrecht, Reidel, 349
V azquez-Semadeni, E., Gazol, A., S anchez-Salcedo, F. J.,
and Passot, T. ed. T. Passot & E. Falgarone, 2003,
Lecture Notes in Physics, vol. 614, 213
V azquez-Semadeni E. 2002 in ASP Conf. Proc. 276, See-
ing Through the Dust: The Detection of HI and the
Exploration of the ISM in Galaxies, ed. A. R. Taylor,
T. L. Landecker, & A. G. Willis. San Francisco: ASP,
155
Wolre, M. G., McKee, C. F., Hollenbach, D., & Tielens,
A. G. G. M. 2003, 587, 278
Wolre, M. G., Hollenbach, D., McKee, C. F., Tielens,
A. G. G. M. & Bakes, E. L. O. 1995, ApJ, 443, 152